Precise control of cell death in the nervous system is essential for development. Spatial and 25 temporal factors activate the death of Drosophila neural stem cells (neuroblasts) by controlling 26 the transcription of multiple cell death genes through a shared enhancer, enh1. 
Introduction 39
Programmed cell death is important for normal nervous system development in 40 organisms ranging from C. elegans to humans . Precise control of cell 41 death in the nervous system requires the integration of spatial, temporal and cell identity 42 signals from both cell intrinsic and extrinsic sources. Conserved signaling pathways that are 43 instrumental in many developmental cell fate decisions also control the commitment of cells to 44 death. Examining how these pathways interact to specify the cell death fate in a specific 45 context is critical not only for understanding normal development but also to gain insight into 46 how developmental pathways and homeostasis are disrupted in diseases such as cancer and 47
neurodegeneration. 48
The RHG genes, reaper (rpr), hid, grim and sickle (skl) are required for virtually all cell 49 death in the Drosophila embryo (White et al., 1994; Tan et al., 2011) . These genes are 50 transcriptionally activated in various combinations in cells fated to die. In the genome, the RHG 51 genes are clustered in a 270kb death gene locus that is largely devoid of other genes. The large 52 intergenic regions between the genes are highly conserved and contain cell type and 53 temporally specific regulatory elements capable of activating different combinations of RHG 54 genes to initiate cell death in specific developmental contexts (Bangs et 
Khandelwal et al., 2017). 127
Overexpression of cut in the CNS results in premature loss of NBs in abdominal 128 segments (Fig. 1E, G) . We see loss of many abdominal NBs at stage 14, before they normally 129 die. This cut-induced NB loss can be inhibited by the baculovirus broad-spectrum caspase 130 inhibitor p35, demonstrating that NB loss is due to caspase-dependent cell death, and not to 131 alterations in NB fate (Fig. 1F, G) . Overexpression of cut in the whole embryo with heatshock-132 gal4 also results in ectopic cell death (Fig. S3 ). Taken together, these findings demonstrate that 133 cut is necessary for timely NB death, and is temporally limiting for the activation of cell death. 134
cut acts upstream of rpr and grim and downstream of enh1 135
NB death requires the activity of the rpr, grim and skl genes (Tan et al., 2011) . These 136 genes are transcribed in doomed cells, and the Rpr, Grim and Skl proteins inhibit DIAP1 to 137 activate caspases (Kornbluth and White, 2005) . To determine whether cut regulates NB death 138 through this pathway, we assessed rpr and grim transcript levels in the absence of cut and 139 when cut is overexpressed. In stage 15 embryos both rpr and grim expression are clearly 140 reduced when cut is knocked down in the CNS ( Fig. 2A-D) . Conversely, cut overexpression 141 throughout the CNS with wor-gal4 results in a substantial increase in levels of rpr and grim 142 transcripts when cell death is inhibited with p35 ( Fig. 2E-H) . Interestingly, even when cut is 143 overexpressed in many or all cells of the CNS, rpr and grim are hyper-activated only in a subset. 144
This suggests that cut is permissive for rpr and grim expression, but requires additional 145 regulators to fully activate the NB death program. 146
Our previous studies identified a regulatory region between rpr and grim, the 147 Neuroblast Regulatory Region, which controls rpr, grim and skl expression to promote 148 abdominal NB death (Tan et al., 2011) . A 5kb transgenic reporter generated from this region, 149 enh1-GFP, is expressed in doomed abdominal NBs and is responsive to the levels of N and 150 abdA, which regulate NB death . We found that cut does not regulate enh1-151 GFP activity: knockdown of cut does not decrease enh1-GFP expression. Instead, we see an 152 increase in the number of enh1 expressing cells on cut knockdown (Fig. 2 I, J) . This suggests 153 that loss of cut blocks the death of enh1-GFP expressing cells. Furthermore, cut 154 overexpression does not increase enh1-GFP levels, and is able to induce NB death in embryos 155 that lack the NB enhancer1 due to the MM3 deletion (Tan et al., 2011) 
(data not shown). 156
Therefore, cut acts independently of enh1 to facilitate the activation of rpr and grim for NB 157 death (Fig. 2K) . abdA, cut knockdown should block killing by ectopic abdA. Indeed, we found that cut 163 knockdown in the context of abdA overexpression blocks ectopic NB death in both thoracic and 164 abdominal segments of the VNC (Fig 3A-C) . Importantly, ectopic abdA-activated enh1-GFP 165 expression is still apparent in cut knockdown (Fig. 3D-F) , indicating that cut does not prevent 166 abdA from activating the regulatory region, but blocks rpr and grim activation by the enhancer. 167
We also found that abdA knockdown does not rescue NB death induced by cut overexpression 168 (Fig. 3G-J) . These data support the conclusion that cut regulates NB death downstream of abdA 169 and enh1, and upstream of the RHG genes. 170 cut does not inhibit NB death through a binding site in the IRER left barrier 171
Enhancer/promoter interactions can be temporally controlled by changes in chromatin 172 accessibility (Uyehara et al., 2017) . Loss of cut inhibits NB death downstream of enh1 activity, 173
suggesting that cut could influence rpr and grim expression in NBs by influencing chromatin 174 accessibility in the rpr/grim region. Another enhancer in the death gene locus, the irradiation 175 responsive enhancer region (IRER), which is located 5' of the rpr promoter, shows temporal 176 changes in chromatin conformation that are responsible for the reduced sensitivity to 177 irradiation in later stages of embryogenesis (Zhang et al., 2008) . Previous studies showed that 178 in older embryos there is an abrupt change in chromatin conformation at the promoter 179 proximal end of the IRER, with a sharp decrease in H3K27me3 and H3K9me3 and an enrichment 180 of H3K4me3 at the rpr proximal promoter (Fig. S4) (Lin et al., 2011 ). This finding is consistent 181 with our hypothesis that changes in chromatin conformation at the death gene locus regulate 182 competence to respond to apoptosis-inducing signals, but does not address the biological role 183 of the IRER in the regulation of NB death. 184
The previous study identified a chromatin barrier within the IRER (IRER left barrier 185 element, or ILB) containing a putative Cut binding site that was necessary for barrier function. 186
We therefore asked whether the Cut binding site in the ILB was critical to prevent 187 heterochromatin spreading from the IRER into the rpr proximal promoter, therefore allowing 188 rpr activation and NB death in response to activation of enh1. We generated several deletions 189 of the putative Cut binding site using CRISPR/Cas9 (Fig. S4) . We examined NB death in animals 190 homozygous for these deletions, and found that NB death was normal (Fig. S4) to rpr region in CNS chromatin. In response to cut knockdown, we saw a slight enrichment for 205 this repressive mark in this region (Fig. 4A) , consistent with the decreased transcription of grim 206 and rpr we detected in the absence of cut (Fig. 2) . This suggests that cut may normally inhibit 207 the formation of facultative heterochromatin in the grim to rpr region in the developing CNS. 208
No major alterations in H3K27me3 were detected in the bithorax complex in any of our 209 experiments (data not shown), indicating that cut does not regulate H3K27me3 levels at all 210 genes in the CNS. 211
To confirm changes detected by ChIP-seq, we assayed H3K27me3 enrichment at several 212 positions in the rpr region by ChIP-qPCR on independent chromatin preparations from fixed 213 CNS nuclei. We repeatedly found that cut knockdown led to enrichment for H3K27me3 within 214 the rpr and grim open reading frames, in the region 5kb upstream of rpr (Fig 4B) , and at the rpr 215 promoter (Fig. S5) . We conclude that loss of cut increases repressed histone modifications in 216 the RHG region in the developing CNS, and this could be responsible for decreased rpr and grim 217 expression. However, the effect of cut knockdown is relatively limited, which could reflect 218 redundant mechanisms underlying the activity of cut, or could be due to the low representation 219 of the cells of interest (NBs) in our chromatin preparation. 220
To focus more precisely on cut-dependent changes in histone modifications in NBs, we 221 stained control and cut knockdown embryos for H3K27me3. Strikingly, we found that in control 222 embryos at stage 14, there was a clear difference in the overall levels of H3K27me3 in NBs, as 223 compared to other tissues in the embryo, and to other cells in the CNS (Fig 4C) . H3K27me3 224 levels were low or undetectable in the ventral NB layer, and much higher in the more dorsal 225 layers of the CNS containing the differentiated neurons and glia. This is not due to a defect in 226 histone antibody accessibility in these cells, as other histone modifications were not strikingly 227
different in NBs compared to other neural cells (Fig. S6). Quantification of NBs with high 228
H3K27me3 showed that only 12% of NBs at stage 14 had high levels of H3K27me3 ( Fig. 4D-E) . 229
The lower levels of the repressive H3K27me3 modification in early NBs may reflect the 230 increased plasticity of chromatin in these stem cells (Marshall and Brand, 2017) . cut knockdown embryos had a higher number of H3K27me3-high NBs than earlier stages. 242
Cohesins operate downstream of cut to regulate NB death 243
Because cut has not been characterized as a histone modifier or as part of a histone 244 modifier complex, we hypothesized that the effect of cut knockdown on H3K27me3 levels in 245
NBs was likely to be indirect. We scanned our H3K27ac ChIP-seq data to identify potential cut-246 regulated genes that could restrain H3K27me3 levels in NBs. Most genes did not exhibit 247 changes in H3K27ac peaks, including Polycomb complex components. However, two structural 248 components of the cohesin complex, stromalin (SA) and SMC1 showed decreased H3K27ac 249 levels following cut knockdown ( To examine whether SA expression was controlled by cut, we assayed SA RNA levels by 262 qPCR on RNA prepared from sorted CNS nuclei from control and wor>cutRNAi embryos (Fig. 263 5B). SA RNA levels were decreased on cut knockdown (Fig. 5B) . Furthermore, decreased SA 264 protein levels were detected on cut knockdown in both NBs and neurons ( Fig. 5C-E) . In 265 contrast, Cut protein levels in the CNS were not altered by SA knockdown (Fig. S7) . 266
If cut regulates NB death by altering cohesin expression, then cohesin knockdown 267 should phenocopy loss of cut and inhibit NB death. Indeed, we found that knockdown of SA 268 results in ectopic NB survival in late embryos (Fig. 6A, B, D) . In addition, knockdown of 269 NippedB, part of the kollerin complex required for cohesin loading (Dorsett and Kassis, 2014), 270 resulted in ectopic NB survival (Fig. 6C ). These data demonstrate a previously unknown 271 requirement for cohesin in the regulation of NB death. 272
Cohesin knockdown increases Pc binding at the majority of H3K27me3 marked genes 273 (Schaaf et al., 2013) . We examined overall H3K27me3 levels in NBs after cohesin knock down. 274
We found that SA knockdown increased the number of NBs with high levels of H3K27me3 in 275 embryos (Fig. 6E) , suggesting that higher H3K27me3 levels in NBs on cut knockdown could be 276 caused by decreased cohesin. Thus, cohesin is required for abdominal NB death, and may 277 regulate cell death gene expression by altering overall levels of repressive chromatin in NBs 278 (Fig. 7) . 279 280
Discussion 281
In this work we report that cut plays a previously unknown role in the regulation of NB 282 death. cut is permissive for the expression of rpr and grim, acting downstream of the 283 previously identified neuroblast regulatory region. We show that cut loss increases the number 284 of NBs with high levels of H3K27me3, indicating a role for cut in maintaining open chromatin in 285
NBs. At the RHG locus, this is reflected in higher levels of H3K27me3, associated with lower rpr 286 and grim expression. Importantly, we find that cut regulates the levels of the cohesin subunit 287 SA in the CNS, and we show that cohesin is required for NB death. This work demonstrates a 288 novel connection between cut and cohesin in controlling the chromatin landscape and cell 289 death in the developing CNS. 290
Is cut the "cell identity" signal that is permissive for NB death? 291
Our previous work identified the Hox gene abdA as an important spatial signal for NB 292 death in the embryo Here we identify cut as a novel regulator of NB death. Expression of cut in the 301 embryonic CNS increases as NB death begins. However, most cells that normally express cut do 302 not die, indicating that other factors coordinate with cut to regulate NB death. We find that 303 loss of cut inhibits rpr and grim transcription, but in contrast to abdA and N, cut does not act on 304 enh1, as detected by enh1-GFP. In addition, cut knockdown blocks NB killing in response to 305 abdA mis-expression, despite an expansion of enh1 expression. These data indicate that cut 306 acts downstream of enh1, and suggests that cut acts in the nervous system as a permissive 307 factor that regulates the competence of NBs to respond to other cell death signals. This study, and previous work from the Zhou Our data suggest that control of cell death in the nervous system could also contribute to the 378 Cornelia de Lange syndrome phenotype. Additional studies are needed to understand how 379 cohesin activity is directed towards regulating the expression of specific genes. 380
Precise control of apoptotic gene expression is particularly important in the nervous 381 system, the site of the majority of developmental cell death in flies, worms and mammals, and 382 the tissue most affected by the absence of cell death . Our work has led 383 to a greater understanding of the temporal, spatial and tissue specific control of this death in 384 flies through developmentally important transcription factors as well as regulation of chromatin 385 accessibility and architecture. Given the conserved function of the pathways we have 386 identified, it is likely that these studies will provide insight into the regulation of cell death in 387 human nervous system development and disease. 388 389
Materials and Methods 390

Embryo collection and nuclei preparation 391
Embryos were collected for 16 hr. at 25°. Dechorionated embryos were fixed in 1:1 solution of 392 
ChIP-qRT-PCR analysis 418
For the validation of ChIP-Seq data, ChIP-qPCR was performed. Immunoprecipitation conducted 419 as described above using the H3K27me3 antibody. The immunoprecipitated DNA was 420 processed for qPCR analysis using iTaq universal SYBER green supermix (Bio-Rad, CA) on an 421
Applied Biosystems 7000 Real time system. Data was analyzed using the delta delta CT method. 422
The following primers were used in the study: 
Act5C_f ATGTGTGTGTGAGAGAGCGA 438
Act5C_b AAACCGACTGAAAGTGGCTG 439
Nuclear RNA preparation 440
After isolation of nuclei, as described above, proteins were digested and crosslinking reversed 441 in 20mM Tris/1mM CaCl2/0.5%SDS with 1U/ul RNAse inhibitor and 500ug/ml proteinase K 442 (Roche) at 55o for 3 hours. Approximately 600,000 nuclei were used for RNA purification with 443 RNAzol. A mix of oligodT and random hexamer primers were used for reverse transcription, 444 and quantitative PCR was done on an Applied Biosystems 7000 Real time system. DNA 445 contamination was assesses with a no reverse transcriptase control, and data was analyzed 446 using the delta delta CT method. The following primers were used for qPCR: 447 dRP49-F: 5′ CTC ATG CAG AAC CGC GTT TA 3′ 448 dRP49-R: 5′ ACA AAT GTG TAT TCC GAC CA 3′ 449
SA-F: GGACAAGATAATACCACCCGC 450
SA-R: CGCTTGATCAGTTTCGCCAT 451
Generation of CRISPR deletion 452
Small deletions (120-130bp) of the Cut binding site upstream of the rpr promoter were 453 generated with CRISPR/Cas9 (Fig. S4) . Two guide RNAs were cloned in pCFD4 Vector (Addgene, 454 42749411) as previously described (Port et al., 2014). Stable gRNA transgenics were made by 455 BestGene (CA, USA) and crossed with nos-cas9 (BL#54591). The progeny were screened for 456 deletions by PCR, and breakpoints were confirmed by sequencing. Two lines CRISPR_ILB_2.9 457 and 431CRISPR_ILB_3.1 were used for phenotypic analysis. 458
Fly stocks and genotypes 459
All the Flies were raised at 25 °C . Wild-type fly lines used in this study are yw 67c23 and wor-460 Gal4/+. The following lines were obtained from the stocks centers at Bloomington, IN, USA (BL) 461
and Vienna, Austria (VDRC) and by personal communications: repo-Gal4 (BL), UAS-nls-dsRed 462 (BL), abdA-RNAi (BL) and cut-RNAi(BL, VDRC), SA RNAi (BL), NippedB RNAi (BL) UAS-Cut::UAS-463 mcd8-GFP (BL, Norbert Perrimon), nos-cas9 (BL), cut c145 (BL), cut-RNAi ; cut-RNAi (provided by 464 Y. N. Jan), UAS-abdA.HA (provided by Y Graba). The enh1-GFP transgenic line was previously 465 generated in our lab (Arya et al 2015) . 466
Immunostaining and Fluorescent in situ hybridization (FISH) 467
Staining of whole embryos and larval CNS were done as described previously (Arya et al., 2015) . 468
The following primary antibodies were used in various combinations: rat anti-Dpn (1:150 , 469
Abcam, Cambridge, MA, USA ), goat anti-AbdA (1 : 500, dH17, Santa Cruz, CA,USA), rabbit or 470 mouse anti-GFP antibody (1 : 1000, rabbit, Invitrogen, Grand Island, NY, USA or mouse jl8, 471
Clontech, Mountain View, CA, USA), mouse anti-Cut (1:700, DSHB, Iowa City, IA, USA), rabbit 472 anti-H3K27me3 (1:500, Active Motif, 39157), rabbit anti-H3K9me3 (1:500, Abcam, ab8898), 473 rabbit anti-H3K27ac (1:500, Active Motif, 39136), rabbit anti-H3K4me3 (1:500, Active Motif, 474 39159), and rabbit anti-Stromalin (1:700, a gift from Dale Dorsett). Secondary antibodies 475 (Molecular Probes, Eugene, OR, USA) were used at 1:200 dilution. 476 FISH was performed as previously described . Digoxigenin (DIG)-labeled 477 probes for grim, rpr, and GFP were used. When expression levels are compared, in situs were 478 processed in parallel, and imaged with matched confocal settings and image processing. 479
Embryos were imaged with any Nikon A1SiR confocal (Melville, NY, USA). Image Processing was 480 done using Nikon Elements, ImageJ or Adobe Photoshop. 481
The intensity of histone marks was quantified with ImageJ software: average fluorescence 482 intensity within a hemisegment of the nervous system was calculated and normalized to the 483 intensity of a corresponding area within the epidermis. This calculation was performed across 484 11 confocal slices beginning with the ventral-most slice of the nervous system, as determined 485 by Deadpan staining. Data in Fig. S6 are presented as the ratio of the average intensity of signal 486 within the nervous system to the average intensity of signal within the epidermis at a given 487 confocal slice. 488 SA levels in NBs and neurons were quantified in ImageJ. SA intensity was measured in 10 NBs 489 or neurons in A3 to A6 segments of 3 embryos. To account for embryo-to-embryo variability in 490 staining, SA levels in NBs or neurons was normalized to the average SA intensity outside of 491 nervous system in the same stack. Figure 1 cut is necessary and sufficient for NB death. A-C) Knockdown of cut in the nervous system, or cut loss in mutants embryos, results in ectopic NB survival, as detected by Dpn staining in stage 17 embryos. D-F) cut overexpression results in NB loss by apoptosis. Fewer NBs can be seen in each hemisegment, particularly in the anterior of each hemisegment. This NB loss is blocked by the broad-spectrum caspase inhibitor p35. G) Premature NB loss resulting from cut overexpression is significant at stage 14.* P<0.05 by unpaired T test Figure 2 . cut alters rpr and grim levels independently of the neuroblast regulatory region A-D) cut knockdown in the CNS decreases rpr and grim expression, as detected by in situ. E-H) On cut overexpression, rpr and grim mRNA levels are increased. P35 is used to block ectopic cell death induced by cut. I-J) cut knockdown does not alter expression of enhancer1-GFP, indicating that cut is likely to influence rpr and grim expression and cell death independently of the NB regulatory region (K). Model of cut action in NB death. As neural stem cells age they show an overall increase in repressive chromatin, marked by H3K27me3. Expression of cut inhibits this increase, at least in part through enhancement of cohesin expression. At the rpr promoter, this allows enhancers, activated by additional cell type specific spatial and temporal factors, to turn on the transcription of rpr, grim and skl. When cut expression is suppressed, SA and possibly other cohesin subunits decline, allowing a premature increase in H3K27me3 in NBs. At the rpr locus, this blocks expression in response to upstream apoptosis regulatory factors. Other upstream regulators may influence cohesin levels in other tissues.
